INTRODUCTION
Prostate cancer isthe second most prevalentcanceramong men in the United States, leading to approximately 30,000 deaths annually [1] . The course of prostate cancer from diagnosis to death is usually categorized by clinical states based on extent of disease, hormonal status (i.e., castration resistance), and the presence or absence of detectable metastases on radiographic imaging [2] . Initial growth of prostate cancer depends highly on androgen signaling, which mediates its effects through the androgen receptor (AR), a transcription factor that regulates the expression of hundreds of genes including those involved in tumor cell growth and proliferation [3, 4] . Because of the dependency of the disease on androgen, androgen deprivation therapy (ADT) has been a mainstay of prostate cancer therapy for decades [5] . Although ADT can delay prostate cancer progression for several years, this treatment modality eventually becomes ineffective as patients develop castration-resistant prostate cancer (CRPC).
The management of patients with CRPC has evolved rapidly over the past 5 years with the advent of next-generation hormonal agents, such as abiraterone acetate (Zytiga) and enzalutamide (Xtandi). Despite these advances, additional treatment options are still needed to improve clinical outcomes and prolong survival of patients with CRPC, particularly those who have failed existing treatments or those who have contraindications or other limitations precluding the use of currently available drugs. Most patients with CRPC who fail current treatment options experience continued disease progression and may develop complications such as urinary obstruction and worsening pain, leading to substantial morbidity and limited survival rates. The development of resistance to current hormonal therapies and their potential underlying biology havebeenincreasinglydescribed [6] [7] [8] [9] [10] [11] [12] . Inlightof these evolving resistance mechanisms, CRPC remains a lethal disease with a particularly high unmet need in patients for whom existing treatment options are not effective.
CURRENT TREATMENTS FOR CRPC
Before 2011, the mainstay of treatment for CRPC was docetaxelbased chemotherapy. Since the approval of abiraterone and enzalutamide for the treatment of CRPC, the reported efficacy has been considerable; however, treatment failures are noted frequently with both agents. The vast majority of patients with CRPC demonstrate primary resistance (patients who do not respond to therapy upfront) or acquired resistance (patients who initially respond to therapy but then relapse) to these agents, with a gain in median overall survival of less than 6 months at the end of the treatment spectrum compared with standard ofcare [13] [14] [15] [16] . It is estimated that approximately onequarter of patients treated with abiraterone or enzalutamide will show primary resistance to these agents [13, [15] [16] [17] . Moreover, the development of acquired resistance will occur in nearly all patients with CRPC, even those who initially benefit from hormonal therapy.
The optimal sequence of therapies to maximize the clinical benefit for patients with CRPC remains undetermined. Clinical trials investigating the efficacy of chemotherapy after novel hormonal therapy, the efficacy of sequential or parallel use of novel hormonal therapy after chemotherapy, the efficacy of sequential use of novel hormonal therapies, and the efficacy of subsequent treatment after first-line novel hormonal therapy have not revealed definite answers [6, 9, [18] [19] [20] [21] [22] [23] [24] [25] [26, 27] , particularly in patients with high-volume disease, which may impact the use of novel AR-targeted therapy in a subset of patients. Other studies exploring concomitant use of chemotherapy and ADT (GETUG-AFU-15), however, did not show a survival benefit [28] . In addition, a recent review suggests that the optimal sequencing of agents in CRPC is unclear because of the absence of robust surrogatemeasures ofsurvival and the lackof predictive biomarkers [29] . Until there is a greater biological understanding of which patients may benefit from upfront use ofchemotherapy, the impact on the landscape of using AR-directed therapies is largely unknown and remains to be evaluated.
CRPC PROGRESSION AND RESTORED AR SIGNALING
The AR is structurally composed of an androgen-independent N-terminal domain (NTD), a DNA-binding domain (DBD), and an androgen-dependent ligand-binding domain (LBD). Androgens such as testosterone and dihydrotestosterone bind to the AR LBD, resulting in conformational changes and posttranslational modifications, dimerization, nuclear translocation, and ultimately, binding to the regulatory regions of the DNA of target genes, known as androgen response elements [30] . The transcriptional activity of the AR is also governed by complex epigenetic mechanisms involving coactivators and corepressors that help localize the AR to chromatin.
The AR signaling pathway remains essential for CRPC progression, and under conditions of androgen depletion, multiple mechanisms might lead to reactivation or restoration of AR signaling [31, 32] . Amplification of the AR gene is a mechanism that has been frequently observed clinically and is predominantly seen in response to treatment with ADT. AR overexpression and gene amplification have been reported to occur rarely in untreated primary prostate cancers, with observed frequency of 0%-5% [33] [34] [35] [36] [37] , but the frequency increases significantly to 20%-52% in ADT-resistant populations [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] .
Intracrine and paracrine androgen production has also been shown to contribute to continued AR stimulation in the castration-resistant state [43] . Studies evaluatingtissue biopsies before and after initiation of abiraterone or enzalutamide have demonstrated increased levels of testosterone as a compensatory mechanism in the tumor tissue of men with CRPC [44] [45] [46] [47] . This may result from conversion of weak androgens to potent androgens or de novo production of androgens within the tumor itself [48, 49] .
AR splice variants have emerged as another potential mechanism associated with resistance, especially in the context of treatment with new hormonal agents, such as abiraterone and enzalutamide [4, [50] [51] [52] . The protein products of AR splice variants have an NTD that is required for transactivation, but have a truncated C-terminal domain in which the LBD is absent, resulting in ligand-independent constitutive activation [53] [54] [55] . Antiandrogen therapies are ineffective at inhibiting AR splice variants, because these target the LBD, which is truncated from the AR protein.The presence of AR splice variants, such as AR-V7 and AR-V 567es , has been correlated with both primary and acquired resistance to antiandrogens and has been linked to more rapid disease recurrence, poor prognosis, and shorter survival [8, [54] [55] [56] . Of these, AR-V7 may be the most important, has been implicated in resistance to abiraterone and enzalutamide in men with advanced prostate cancer [8, 11, 57, 58] , and may play a role in partial resistance to docetaxel as well [59] .
Point mutations in the AR have been found more commonly in CRPC compared with primary or hormone-sensitive tumors [60, 61] , and some have been shown to confer agonist properties and cross-resistance among antiandrogens [62, 63] . A recent prospective study conducting sequencing of bone and soft tissue tumor biopsies from a cohort of 150 patients with CRPC showed that AR mutations were enriched in CRPC compared with primary prostate cancer and that the majority of these mutations occurred in the LBD [61] . These mutations can increase the ligand-binding affinity of the AR and cause signaling hypersensitivity [64] .These gain-of-function mutations can also cause binding flexibility in the LBD, allowing the AR to become activated by adrenal androgens, progesterone, glucocorticoids, estrogens, and antiandrogens [62, 63, [65] [66] [67] [68] [69] [70] [71] . In view of the persistent role of the AR in CRPC, there is a high need for novel antagonists that address the adaptive AR aberrations that emerge following current hormonal therapies. The Oncologist ® androgen binding to the AR, all of which depend on an intact C-terminal LBD. Abiraterone inhibits CYP17, a critical enzyme in the synthesis of testosterone, and has been shown to block androgen biosynthesis by the adrenal glands and testes and within the tumor. Treatment with abiraterone reduces serum testosterone levels from 20-50 ng/dL with surgical castration or gonadotropin-releasing hormone analogs alone to 1-2 ng/dL, leading to a "super-castration" state. In addition to decreases seen in the serum, CYP17 inhibition also leads to decreased intratumoral testosterone synthesis within the prostate cancer cells themselves [72] , ultimately leading to an inhibition of AR activity. Enzalutamide is a next-generation AR antagonist with significantly increased affinity for the AR compared with previous AR antagonists such as bicalutamide. Furthermore, enzalutamide is reported to inhibit nuclear translocation and coactivator recruitment of the ligand-receptor complex, leading to effective inhibition of AR signaling [73] .
CURRENT THERAPIES TARGET THE AR C-TERMINUS
Despite their impressive efficacy outcomes, resistance to abiraterone and enzalutamide occurs frequently [13] [14] [15] [16] , with most patients demonstrating primary or acquired resistance through various AR-dependent and -independent mechanisms. As a result, a number of new-generation CYP17 inhibitor and AR antagonist agents are in clinical development (Table 1 ). These agents have been shown to exhibit increased affinity to the AR, greater potency, decreased agonist properties, and multiple inhibitory functions compared with their predecessors [74] [75] [76] [77] [78] [79] . However, these third-generation agents may potentially face the same issue of cross-resistance conferred by mutations in the LBD (either existing or yet unknown). In addition, these newer agents have yet to demonstrate clinical effectiveness against AR splice variants. In light of the current issues facing AR inhibitors that target the LBD, development of novel class of agents that target other domains of the AR is necessary. Agents targeting the AR NTD and DBD are currently in development, in addition to agents that can induce degradation of the AR protein (Table 1) .
THE AR N-TERMINAL DOMAIN AS A THERAPEUTIC TARGET
All current therapies that target the AR rely on the presence of its LBD. However, it is the NTD of the AR that harbors the critical region for AR transcriptional activity. Within the NTD lies the activation function-1 (AF1) region, which is essential for AR transactivation [80] [81] [82] . Deletions of this region render the AR transcriptionally inactive [80] [81] [82] . The AR NTD contains a high degree of intrinsic disorder because of few a-helices and b-sheets and, therefore, has been difficult to target using structure-based drug design [83] . However, in spite of these challenges, efforts to develop drugs that target the AR NTD are ongoing and have the potential to overcome shortcomings of current LBD-targeting therapies. A potential pharmacologic consequence of AR NTD inhibitors is the ability to affect a broader AR population. Because the NTD is required for all AR transcriptional activity and is present in all forms of the AR, targeting this critical region would be expected to inhibit the activity of resistance-related AR splice variants as well as AR species harboring gain-of-function LBD mutations. This is in contrast to current therapies, which can affect only AR populations that possess an intact LBD.
Recent efforts to develop drugs that target the AR NTD have yielded several compounds that are in preclinical or early clinical development (Table 1 ). The use of bispecific antibodies (bsAbs) tosimultaneouslybindtotwodifferenttargetshasshown promise, with at least two US Food and Drug Administrationapproved agents to date [84] . 3E10-AR441 is a bsAb in preclinical development for CRPC that functions by penetrating prostate cancer cells via its affinity for DNA and, at the same time, binding to the AR NTD to inhibit AR signaling [85] . In vitro treatment of LNCaP prostate cancer cells with 3E10-AR441 demonstrated nuclear accumulation and target engagement of the bsAb. Immunoprecipitation assays in VCaP and 22Rv1 prostate cancer cell lines showed that 3E10-AR441 was able to bind full-length AR as well as splice-variant AR lacking the LBD (AR-V7) [85] . In addition, 3E10-AR441 was shown to block AR signaling in both reporter gene-based assays and assays that monitor endogenous levels of prostate-specific antigen (PSA). To date, no information on the impact of this agent on tumor growth has been released; however, the current data indicate the potential of 3E10-AR441 bsAb as a therapeutic agent that targets the AR in a manner that does not rely on the LBD.
Sintokamides have also been shown to display inhibitory activity against the AR NTD. These chlorinated peptides, isolated from the marine sponge Dysidea sp., were identified through a screening of marine natural extracts and show inhibition of AR activity as measured by reporter gene-based assays [86] . In addition, sintokamides effectively blocked proliferation of LNCaP prostate cancer cells but not PC3 prostate cancer cells, which do not express AR, indicating that the inhibitory effect of sintokamides on cell proliferation was likely caused by its effect on the AR and not via cell cytotoxicity. Further characterization of sintokamides will be useful in assessing these agents as a potential AR-targeted therapy.
Agents directed at preventing the AR NTD from properly initiating transcription are also currently being explored. At least four compounds (GSK525762, GS-5829, OTX015, and JQ1) are in development for CRPC that target bromodomain-containing protein 4 (BRD4), a member of the bromodomain extraterminal (BET) family of proteins. BRD4 is a coregulator of the AR and interacts with the AR NTD to facilitate transcriptional activity [87] . BRD4 inhibitors have been shown to block BRD4-AR interactions and prevent binding of both full-length and splice variant AR to chromatin, thereby impairing transcription of downstream genes [87, 88] . BRD4 inhibition also induced apoptosis and cell-cycle arrest in AR-driven prostate cancer cell lines (VCaP, LNCaP, and 22Rv1), but not in cell lines that are negative for AR signaling (PC3, DU145) [87] . In vivo, BRD4 blockade was shown to significantly reduce tumor volume and weight in VCaP xenograft mice compared with enzalutamide. In addition, BRD4 inhibitors can suppressthe transcription of c-Myc, a key mediator of ligand-independent prostate cancer growth and a ligand-independent AR target gene [89, 90] .Together,these data show the potential for BET protein inhibitors as novel treatments for CRPC that function by blocking BRD4 contact with the AR NTD and do not depend on AR-ligand interactions.
EPI COMPOUNDS: DIRECT AR NTD INHIBITORS
The EPI family of compounds was originally discovered from a marine sponge extract. They bind specifically to Tau factor TFIIF (RAP74) [91, 92] . In vitro experiments using LNCaP prostate cancer cells that endogenously express AR show that treatment with EPI blocked AR-driven transcriptional activity both in the presence and absence of androgen [91, 93] . In addition to inhibition of full-length AR, EPI was shown to inhibit transcriptional activity of AR splice variants [93, 94] . In LNCaP cells transfected with a plasmid to overexpress AR-V 567es , EPI treatment resulted in inhibition of constitutive AR-V 567es -driven transcriptional activity [93] . By contrast, bicalutamide and enzalutamide were unable to inhibit transcriptional activity driven by AR-V 567es [93] ; bicalutamide and enzalutamide target the LBD, which is absent from AR splice variants. In response to androgen, full-length AR regulates the transcription of well-characterized target genes including PSA, FKBP5, TMPRSS2, and NKX3.1 [4] . The transcriptome of AR splice variants may have some overlap with that of full-length AR, but splice variants also regulate expression of a distinct set of genes [4] . AR splice variants, such as AR-V7, preferentially increase the expression levels of genes such as UBE2C, CDC20, CYCLINA2, and AKT1 [4] . Consistent with upstream blockade of both full-length and splice variant AR transcriptional activities, EPI treatment inhibits gene expression that is regulated by both full-length and AR-V7 in LNCaP95 and VCaP cells, whereas enzalutamide and bicalutamide had no effect, respectively [93, 94] . Notably, both LNCaP95 cells and VCaP cells endogenously express the full-length AR and AR-V7 protein [4] . An adaptive shift to AR-V7 signaling is suggested to occur in androgendepleted environments and with antiandrogen treatment [4] . Thus, LNCaP95 and VCaP cells represent an important population of mixed full-length and splice variant ARs that may be reflective of human CRPC.
Consistent with targeting the AR NTD without reliance on the LBD for AR inhibition, EPI did not compete with androgen in a competitiveligand-bindingassay [91] .Increasingconcentrationsof unlabeled synthetic androgen, bicalutamide, and EPI were used to compete with fluorescent-labeled androgen for binding to the AR LBD. Increasing concentrations of both synthetic androgen and bicalutamide displaced the fluorescent-labeled androgen and competed for the ligand-binding pocket. By contrast, EPI did not affect binding of the fluorescent-labeled androgen, regardless of androgen concentration [91] . In another study, elevated androgen levels were shown to compete for, and reverse, the inhibitory effect of enzalutamide [73] . Thus, the reversible binding of antiandrogens to the AR may indicate the reason for their possible failure when intratumoral androgen becomes elevated in CRPC. In contrast, EPI neither targets the AR LBD nor does it compete for binding to the LBD. Thus, EPI compounds possess a unique mechanism of action and do not depend on the presence of the LBD.
The potential therapeutic benefits of EPI have been demonstrated using a variety of human prostate cancer cell lines and xenograft models in castrated male mice. The EPI compounds have been shown to block AR-dependent proliferation of human prostate cancer cells, but have no effect on the viability of cells that do not rely on AR signaling for growth and survival [91, 93] . EPI was shown to block growth of tumor xenografts that express full-length AR as well as xenografts that express both full-length and splice variant AR in castrated male mice [91, 93, 94] . In contrast, EPI had no effect on PC3 prostate cancer xenografts [91] that are insensitive to androgen and do not express functional AR. Importantly, EPI blocked tumor growth of enzalutamide-resistant LNCaP95 xenograft tumors [94] , demonstrating an efficacy potential that may be superior to that of antiandrogens. In addition, EPI was shown to inhibit other clinically relevant resistance mechanisms, such as gainof-function point mutations in the AR and overexpressed transcriptional coactivators [94] , further supporting its capability to target a broad range of AR-dependent drivers of tumor growth. Furthermore, in an exploratory toxicology assessment in mice, no toxicity was observed in animals treated systemically with EPI: no loss of body weight, no changes in behavior, and no pathologic changes in the histology of internal organs [91, 93] . Based on specificity of this agent to its target, apparent lack of toxicity, and antitumor activity in preclinical models, these data suggest that EPI is a promising anticancer agent in CRPC.
CLINICAL DEVELOPMENT OF EPI-506
EPI-506 is a novel small-molecule potent inhibitor of the AR NTD that is currently under investigation for the treatment of metastatic CRPC (mCRPC). EPI-506 is related to the EPI compound family originally discovered by functional assay screening of marine sponge extracts [91] and is the first AR NTD inhibitor to enter human clinical development. The discovery compound was EPI-001, which is a mixture of four stereoisomers, each of which has the same chemical constitution, but different spatial orientation of its constituent atoms.The most potent stereoisomer is EPI-002. EPI-506, the clinical candidate with desired pharmaceutical properties, is a prodrug of EPI-002.
The EPI compounds have important mechanistic differences from current AR-targeted therapies in that EPI directly inhibits theessentialfunctionofthe AR,whichisitstranscriptionalactivity. By targetingthe NTD,EPIhasthe ability toinhibit ARsplicevariants and LBD-mutant ARs that have been implicated in resistance to current therapies (Fig. 1) . The unique mechanism of action for EPI-506 suggests that EPI-506 and other potential NTD inhibitors may have a different pharmacological action. Although there are several investigational agents under development for patients with CRPC who are failingabiraterone and/orenzalutamide,many of these agents are LBD-targeting drugs that have similar mechanisms of action to abiraterone and enzalutamide and will potentially face the same issues of cross-resistance conferred by AR splice variants and AR LBD mutations. By comparison, EPI-506 is anticipated to overcome these resistance mechanisms and may be effective in CRPC driven by both canonical and aberrant AR signaling by targeting the NTD common to full-length, splice variant, and LBD-mutated AR isoforms.
A phase I/II study of EPI-506 is currently ongoing in men with mCRPC with progression after enzalutamide and/or abiraterone (NCT02606123). This open-label, single-arm study will evaluate the benefit of 12-week once-a-day oral dosing with EPI-506, after establishing the safety, pharmacokinetics, and optimal dose of EPI-506 in single-and multiple-dose escalations. The phase I portion of the study will follow an adaptive 3 1 3 dose escalation design.The phase II portion of the study will evaluate activity in 3 patient populations: postenzalutamide but abiraterone-naïve patients with mCRPC, postabiraterone but enzalutamidenaïve patients with mCRPC, and postenzalutamide and -abiraterone patients with mCRPC (Fig. 2) . The planned total enrollment is approximately 166 patients. Inclusion criteria include mCRPC with progression of disease after one or more lines of hormonal therapy or taxane chemotherapy, and progression of disease while under treatment with enzalutamide or abiraterone. Exclusion criteria include hematologic, hepatic, or renal insufficiency. Primary endpoints include PSA response rate at week 12, defined as a $50% PSA decrease from baseline. Secondary endpoints include pharmacokinetics, objective Response Evaluation Criteria in Solid Tumors (RECIST) response rate, time to PSA progression, radiographic progression-free survival, and safety/tolerability. Exploratory endpoints include evaluation of biomarkers of AR-driven treatment resistance, including AR splice variants and AR LBD mutations, with circulating tumor cell-based and plasma-derived cell-free DNA-based methodologies [62, 95] . Information gathered will be used to evaluate the clinical www.TheOncologist.com activity of EPI-506 in the context of known AR resistance mechanisms. This clinical study will be the first to evaluate the novel AR NTD inhibitor EPI-506 in men with mCRPC who have failed enzalutamide and/or abiraterone. EPI-506 is the first agent with the potential to inhibit both canonical and variantmediated AR signaling.
CONCLUSION AND FUTURE PERSPECTIVES
Despite significant recent advances in the treatment of CRPC, many patients demonstrate limited clinical response or develop secondary progression despite treatment with currently available next-generation drugs. Given the heterogeneity of mechanisms that may contribute to progression of CRPC, ongoing and future trials should consider approaches to optimize delivery of care to CRPC patients who are most likely to benefit. One such approach is to incorporate the longitudinal tracking of disease (both genotypic and phenotypic) so that a change in therapy may be triggered at the time actionable biomarkers are detected. Several trials evaluatingtheclinicalutilityofAR-V7asaputativebiomarkerforinforming treatment decisions in CRPC are ongoing and are summarized in a recent review [96] . Most recently, Scher et al. reported on the clinical validation of AR-V7 protein as a treatment-specific ©AlphaMed Press 2016
The Oncologist ® biomarker that may be associated with superior survival on taxane therapy over AR-directed therapy in men with AR-V71 mCRPC [97] . Such biomarker-driven studies not only will help direct caregivers to using the right treatment at the right time, but also will reduce the time, burden, cost, and unnecessary toxicities experienced by patients undergoing ineffective therapies [98] . Among the multiple pathways that drive CRPC, the heterogeneity within AR-driven CRPC alone is extensive.To this end, intense research efforts are underway to target other parts of the AR molecule, namely the AR NTD and AR DBD, and to degrade the AR protein itself. As the focus of this article is on the AR NTD as a novel therapeutic approach, one future challenge will be to link potential therapeutic responses to NTD inhibitors with integrated molecular characterization of the AR-ome from liquid biopsies [99] , which could possibly lead to a promising, precise, oncology-based approach to CRPC treatment.The ongoing phase I/II clinical trial of the first AR NTD inhibitor, EPI-506, includes an evaluation of EPI-506 in the context of known AR resistance mechanisms, including AR-V7, using liquid biopsies. The results generated from this study will be timely and provide proof-of-concept that targeting the AR NTD may provide a means to overcome resistance pathways driven by the AR, or that broader therapeutic approaches, such as combinations of targeted AR agents, are needed to adequately address the heterogeneity of AR-driven CRPC. This open-label, single-arm phase I/II study will evaluate the benefit of 12-week once-daily dosing with EPI-506. The phase I portion of the study will establish the safety, pharmacokinetics, and optimal dose of EPI-506. The phase II portion of the study will evaluate activity in three patient populations: postabiraterone but enzalutamide-naïve patients with metastatic CRPC, postenzalutamide but abiraterone-naïve patients with metastatic CRPC, and postabiraterone and -enzalutamide patients with metastatic CRPC. This study will be the first to evaluate the novel AR N-terminal domain inhibitor EPI-506 in men with metastatic CRPC who have failed enzalutamide and/or abiraterone.
Abbreviations: AR, androgen receptor; cfDNA, cell-free DNA; CRPC, castration-resistant prostate cancer; CTC, circulating tumor cell; DLT, dose-limiting toxicity; MTD, maximum tolerated dose; PFS, progression-free survival; PK, pharmacokinetics; PSA, prostate-specific antigen; RP2D, recommended phase II dose.
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